The status of hyaluronan, the major glycosaminoglycan in the skin, is regulated by many factors such as cytokines and glucocorticoids. To examine whether and how protein malnutrition aŠects the status of skin hyaluronan, the hyaluronan content and mRNA levels of hyaluronan synthases (has) were analyzed in the skin of rats fed on a protein-free diet or on a 12z gluten diet. When these malnourishing diets had been given for 1 week, the hyaluronan content was signiˆcantly reduced as compared with that in rats fed on a 12z casein diet. Substantial falls in the mRNA levels of rhas2 and rhas3 were also observed. The reduction of mRNAs was already evident on the second day of treatment with the malnourishing diets. These results suggest that protein malnutrition has a primary impact on the gene expression of rhass, which leads to the reduction of hyaluronan content and to disfunction of the skin.
Hyaluronan (hyaluronic acid) is a large non-sulfated glycosaminoglycan made up of an alternate repeat of two sugar units, N-acetyl glucosamine and glucuronate. The largest part of hyaluronan (50z in the body) resides in the skin. Despite the content of hyalulonan in the skin being no more than 1.0 mg per g of wet tissue, its extremely high capacity to hold water (up to 1000-fold in weight) makes it occupy a major part of the extracellular space in the skin.
1) The proposed roles of hyaluronan in the skin include providing moisture and elasticity, maintaining the dermal structure, facilitating the transport of ion solutes and nutrients, and promoting wound healing. [1] [2] [3] [4] [5] [6] In addition to the skin, hyaluronan is distributed ubiquitously throughout the body, and the list of functions of intra-and extracellular hyaluronan is expanding: vision, cancer, and diŠerentiation, to name a few.
The skin is one of the organs whose structure and function are highly sensitive to the status of protein malnutrition. Of the mechanism for deterioration of the skin under protein malnutrition, changes in such the proteinous components as collagens have been well documented in many situations. [7] [8] [9] On the other hand, the eŠect of protein nutrition on the hyaluronan metabolism has been far less characterized. In 1986, Kaggwa reported that a very-low-protein diet signiˆcantly decreased the hyaluronan content in rat skin. 10) However, the mechanism underlying this change has been left unaddressed, due probably to the fact that the identity of systems for the synthesis and degradation of hyaluronan has long been remained unclear.
It is not until very recently that mammalian hyarluronan synthases (HASs) have been identiˆed. Among the three members (HAS1, HAS2 and HAS3), HAS2 functions as the major producer of hyaluronan in the dermis, 11) whereas HAS3 is the one in the epidermis. 12, 13) Studies using keratinocytes and dermalˆbroblasts have shown that these enzymes are regulated by some cytokines and glucocorticoids. However, their regulation in vivo has not yet been studied well.
The present study was undertaken to explore the eŠect of protein nutrition on the components of hyaluronan biosynthesis. We analysed the mRNA levels of two of the rat has genes (rhas2 and rhas3) as well as the hyaluronan content in the skin of rats fed on a protein-free diet or a wheat gluten diet, which is marginally deˆcient in lysine and threonine. The results show that not only protein deprivation but also dietary protein deˆcient in some amino acids reduced skin hyaluronan. Quantitative PCR analyses indicate that the decrease in hyaluronan was accompanied by a quick and drastic fall in rhas gene expression.
Materials and Methods
Materials. Casein, b-cornstarch, cellulose powder, mineral mixture, and vitamin mixture were obtained from Oriental Yeast Co. (Tokyo, Japan). The mineral mixture and vitamin mixture were prepared according to Rogers and Harper. 14) Soybean oil and choline chloride were obtained from Nacalai Tesque Co. (Kyoto, Japan).
Hyaluronan and hyaluronidase from Streptomyces hyalurolyticus were obtained from the Seikagaku Corporation (Tokyo, Japan), and actinase E from Streptomyces griseus was obtained from Kaken Pharmaceutical Co. (Tokyo, Japan). Microcon YM-30 and Centriplus YM-30 were obtained from Millipore Corporation (Bedford, MA, U.S.A.).
Experimental diets. The experimental diets were prepared as described previously.
15) The protein-free diet (PF) consisted of the following ingredients (g W kg): soybean oil (50), cellulose powder (100), mineral mixture (40) , vitamin mixture (10), and choline chloride (2). Beta-cornstarch was used to adjust the total amount of food to 1 kg. The control diet (C, 12z casein) was prepared to contain 120 g of casein W kg of diet with L-methionine at 2 g W kg. The 12z gluten diet (G) was prepared to contain 120 g of gluten W kg of diet.
Animals and sampling. Thirty male Wistar rats of 6 weeks of age, each weighing approximately 180 g, were purchased from Charles River Japan Co. (Yokohama, Japan) and raised in wire-bottomed cages at 229 C with a 12-h light-12-h dark cycle. The food was made available for 8 h, from 10:00 to 18:00, and water was provided ad libitum.
After being fed on the 12z casein diet for 2 d (prefeeding), the animals were food-deprived for 16 h and subjected to the following experiments. Three groups ofˆve rats each were given either C, G, or PF for 7 d from 10:00 to 18:00 and then given the respective diet for 1.5 h on the 8th day (Figs. 1-3 ). Another three groups were given C, G, or PF for 8 h from 10:00 to 18:00, starved for 16 h, and on the next day (the 2nd day), they were fed the respective diets for 1.5 h (Fig. 4) . Just after the brief feeding of 1.5 h, the rats were anesthetized with pentobarbital and killed by exsanguination.
The fur was shaved from the dorsum by electric clippers suitable for small animals, and two 2.0-cm 2 pieces of skin were taken, weighed, frozen immediately in liquid nitrogen, and stored at -809 C until needed for analysis.
All experiments were performed under the guidelines of The Animal Usage Committee of the Faculty of Agriculture at The University of Tokyo (Approval number 1316T0017).
Quantiˆcation of hyaluronan. The skin samples were rendered soluble as described previously by Sakai et al. 16) Brie‰y, 2-cm 2 pieces of skin were defatted by acetone, dried, and weighed. After the pieces had been boiled for 20 min in 50 mM tris(hydroxymethyl)-aminomethane (Tris)-HCl at pH 7.8, they were submitted to proteolytic digestion with 1z (w W v) actinase E for 1 week at 409 C. Trichloroacetic acid was added to the samples to aˆnal concentration of 10z (w W v) for deproteinization, before the samples were centrifuged and the supernatants neutralized. Each supernatant was then concentrated and desalted with Centriplus YM-30, before being treated with hyaluronidase (1 TRU W ml) in 500 ml of a 50 mM acetate buŠer containing 0.15 M NaCl (pH 6.0) at 609 C for 10 h. The reaction was stopped by boiling the tubes containing the samples for 20 min. After ultraˆltration with Microcon YM-30, the hyaluronan content was determined by measuring the amount of uronic acid in theˆltrate as described previously. 17) RNA extraction. The frozen pieces of skin were carefully homogenized in a 4 M guanidinium-thiocyanate solution. Total RNA was extracted by the single-step method of Chomczynski and Sacchi, 18) using the TRIzol reagent (Invitrogen, Groningen, Netherlands) according to the instructions of the manufacturer. Prior to quantitative PCR, the total RNA was treated with DNase I (Promega, Madison, WI, U.S.A.) for 30 min at 379 C.
First-strand cDNA synthesis. Complementary DNA was prepared with 5 mg of total RNA treated with DNase I by using reverse transcriptase (Superscript II TM , Invitrogen) according to the instructions of the manufacturer.
Molecular cloning of partial rat has3 cDNA. Since the sequence of the rat orthologue of has3 (rhas3) was not available, weˆrst ampliˆed its partial cDNA by RT-PCR according to the sequence information of mouse has3. The nucleotide sequence of the amplied cDNA, which corresponded to nucleotide 546-1725 of the mouse Has3 sequence (accession number U86408), was analyzed by a automated sequencer (Prism 310, Applied Biosystems, Foster, IN, U.S.A.) and deposited in GenBank (accession number AF543196). The sequence exhibited 99z homology with the corresponding region of mouse Has3.
Quantitative PCR. Quantitative PCR primers and hybridization probes were synthesized by Applied Biosystems. The oligonucleotide primers were designed to amplify nucleotides 1427-1512 of rhas2 (GenBank accession number AF008201), 808-890 of rhas3 (GenBank accession number AF543196), and Rats were fed on the 12z gluten diet (, G), protein-free diet ($, PF), or 12z casein diet (, C) 8 h a day for 7 d and then given the respective diets for 1.5 h on the 8th day. Each value is the mean with its standard error represented by a vertical bar (n ＝5). ** and * mean the diŠerence being signiˆcant at pº0.01 and 0.05, respectively, by the Mann-Whitney U-test. The rhas2, rhas3, and b-actin mRNA levels were quantiˆed by real-time quantitative PCR with ABI Prism 7000 apparatus (Applied Biosystems). The mRNA levels of rhas2, and rhas3 relative to those of b-actin are presented.
Data analysis. Data fromˆve rats of each group were quantiˆed, and the mean±SE is shown. Statistical analysis was carried out by the MannWhitney U-test.
Results
EŠects of the quantity and quality of dietary protein on the rat body weight and skin weight Weˆrst examined the eŠects of feeding the 12z gluten diet (G) and the protein-free diet (PF) for 7 d. The mean body weight and skin weight of the rats fed on G, PF, and the control diet (12z casein; C) are shown in Fig. 1 . As previously reported, 7) the body weight of the G-fed rats remained unchanged, and that of the PF-fed rats decreased, despite the normal weight gain of the control group ( Fig. 1(a) ).
The wet skin weight perˆxed area of the rats fed with G and PF also decreased (74±4 and 70±4z of the control, respectively, Fig. 1(b) ).
EŠects of the quantity and quality of dietary protein on hyaluronan in the rat skin
We next investigated the eŠects of the quantity and quality of dietary protein on the status of hyaluronan. The relative amount of hyaluronan, determined by Dische?s carbazole technique, 17) is shown in Fig. 2 . Feeding on G for 7 d signiˆcantly decreased the amount of hyaluronan in the rat skin (51±10z of the control, normalized by the skin area). PF-feeding resulted in a more prominent decrease (44±7z of the control). Rats were fed on the respective diets as described in the legend to Fig. 1 . The mRNA levels of rhas2 and rhas3 were determined by quantitative PCR. a), rhas2; b), rhas3 mRNA levels. G, 12z gluten diet; PF, protein-free diet; C, 12z casein diet. Each value is the mean with its standard error represented by a vertical bar (n＝5). ** and * mean the diŠerence being signiˆcant at pº0.01 and 0.05, respectively, by the Mann-Whitney U-test.
EŠects of the dietary protein on gene expression of rhas2 and rhas3
To obtain information about the mechanism for the reduction of hyaluronan in the skin with protein malnutrition, we next examined if gene expression of the two major hyaluronan synthases, rhas2 and rhas3, was aŠected by dietary protein.
As shown in Fig. 3(a) , feeding on G and PF for 7 d caused drastic decreases in the mRNA content of rhas2 (16±5z and 4.1±3.8z of the control, respectively). In addition, rhas3 mRNA decreased similarly (15±4z with G and 14±8z with PF of the control).
These results indicate that the mRNA levels of rhas2 and rhas3 were sensitive to the quantity and quality of dietary protein and suggest that the decrease in hyaluronan (Fig. 2) was attributable to the decrease in expression of the respective genes.
Status of hyaluronan and rhas gene expression at the early stage of protein malnutrition
Although the foregoing data suggest that the decrease in skin hyaluronan by protein malnutrition was attributable to the decreased activity of its synthesis rather than to increased degradation, the veriˆcation of this hypothesis was hindered by the fact that the degrading system of hyaluronan working in the skin has not been characterized. As one resort to explore this hypothesis, we next examined if the reduced gene expression of rhas preceded the reduction of hyaluronan in the skin. As shown in Fig. 4 , reduced levels of both rhas2 and rhas3 mRNA were observed on the second day of G or PF feeding (Figs. 4(b) and (c) ), while the hyaluronan content was not aŠected (Fig. 4(a) ). This result indicates that a change in the hyaluronan synthase genes occurred prior to the change in hyaluronan content and further supports the important role of the regulation of rhas gene expression in the dietary protein-dependent change of hyaluronan content.
Discussion
Protein malnutrition leads to complex malfunctions of the body including that of the skin. The consequences of inappropriate protein nutrition relating to the skin include skin atrophy, retardation of wound-healing and deterioration by bedsores. Epilation and achroma are other examples and often seen in kwashiorkor. 19) Despite the impact of protein nutrition on the skin, and despite hyaluronan being the major extracellular matrix in the skin, little information is available so far on the relationship between protein nutrition and hyaluronan status in the skin. Thus, in the present study, we have examined the eŠects of the deprivation and unbalance of dietary protein on hyaluronan.
We made use of rat models fed on a protein-free diet and 12z gluten diet. Both the skin weight and hyaluronan content in the skin of the rats fed on these diets for 7 d were signiˆcantly lower than those in the control rats fed on the 12z casein diet. This Rats were given the respective diet for 8 h, starved for 16 h and then given the same diet for 1.5 h. The hyaluronan level (a), rhas2 mRNA (b), and rhas3 mRNA (c) were determined as described in the legend to Figs. 2 and 3 . G, 12z gluten diet; PF, protein-free diet; C, 12z casein diet. Each value is the mean with its standard error represented by a vertical bar (n＝5). ** and * mean the diŠerence being signiˆcant at pº0.01 and 0.05, respectively, by the Mann-Whitney U-test. reduction in skin weight by a relatively short period of protein malnutrition is in accordance with the results of Tanaka and our previous study. 7, 20) The decreased level of hyaluronan is consistent with the report by Kaggwa, 10) in which rats were fed on a very low protein diet. The reduction in hyaluronan content probably contributes much to the reduced skin weight, since hyaluronan, together with the abundant water absorbed to it, comprise the major part of the skin. 21) Additionally, as we have previously shown, protein malnutrition also causes drastic decreases in type I and type III collagen, along with a decrease in the gene expression of their constituents. 7) Thus, protein malnutrition reduces both collagens and hyaluronan and thereby induces loss of the weight and function of the skin. Interestingly, the gene expression of type III collagen, which is thought to be important for wound-healing and skin remodeling, 22) was more severely aŠected by protein nutrition than type I collagen. It could be postulated that the retardation of wound-healing under malnourished conditions is attributable to the altered metabolism of hyaluronan and type III collagen.
Changes in the content or metabolism of hyaluronan have been implicated in many pathophysiological conditions or pharmacological treatments with deleterious eŠects. 23, 24) The mechanism for the regulation of hyaluronan metabolism remains undeˆned. As described next, the enzymes synthesizing hyaluronan in mammals have recently been identiˆed and their characteristics are being unveiled. However, much less is known about the system for degrading hyaluronan in the skin. Hyaluronan has a short halflife of only 0.5 d. 1, 25, 26) In addition, hyaluronan synthases (HAS) have an extremely short half-life of 2-4 h.
3) These facts suggest that regulation of the gene expression of HAS plays an important role in the control process of hyaluronan status. We therefore analyzed the eŠect of protein nutrition on the expression of rhas genes. The regulation of HAS genes in vivo by physiological factors such as nutrition has not previously been studied, and the present study is thus theˆrst attempt of this sort. It has been shown that human skinˆbroblasts abundantly expressed HAS1 and HAS2 mRNA, 12, 27) whereas epidermal keratinocytes had a high HAS3 mRNA content. 13) Among them, the activity of HAS2 and HAS3 is thought to be important, but we found their mRNA levels to be very low. We therefore employed quantitative RT-PCR to measure their mRNA and obtained results clearly indicating that protein malnutrition strongly aŠected rhas gene expression.
It should be noted that the reduction of has2 and has3 mRNA was already apparent on the second day of feeding on the experimental diet, when no change in skin weight or hyaluronan content was apparent (Fig. 4) . This suggests that HAS genes are very sensitive to protein nutrition and respond to it quickly, the consequence of which leads to the decrease of hyaluronan. However, the amount of hyaluronan was less decreased than the mRNA levels of rhas2 and rhas3. Perhaps the reason for this diŠerence in decrease could be explained by the decrease in the degradation of hyaluronan. Other mechanisms including the regulation of degradation, however, need to be investigated.
Another question to be addressed is the mechanism for the regulation of HAS genes by protein nutrition. Hyaluronan synthesis inˆbroblasts is stimulated by many cytokines such as transforming growth factorb (TGF-b ), platelet-derived growth factor, 28, 29) interferon g(IFN-g), tumor necrosis factor a(TNF-a), 30) interleukin-1 (IL-1), 31) and epidermal growth factor (EGF), 32) whereas the synthesis in keratinocytes is stimulated by TGF-b and IFN-g. 13) Kuroda et al. have shown that insulin-like growth factor (IGF)-I up-regulated the mRNA levels of HAS1, HAS2, and HAS3, as well as hualuronan production.
33) The action of IGF-I is blocked by elevated circulating levels of insulin-like growth factor binding protein (IGFBP)-1 and 2. [34] [35] [36] [37] We and others have shown that protein malnutrition reduced IGF-I and W or increased IGFBP-1 in the circulation. 15, [35] [36] [37] These results suggest that alterations in the components of the IGF system may play a part in the reduction of hyaluronan under protein malnutrition. Further studies, using transgenic and knockout models, would help determine the role of the IGF system in the regulation of hyaluronan gene expression by protein nutrition. [38] [39] [40] In summary, we have revealed that the expression of the rhas2 and rhas3 gene was highly sensitive to the quantity and quality of the dietary protein. These results may provide a molecular basis for the deterioration in skin function and retardation of woundhealing in the state of protein malnutrition.
